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Abstract. In this paper transitional turbulence modeling is approached from the point
of view relevant to small unmanned aerial vehicles (span ≈ 1m), of which the flow is
characterized by very low values of turbulent intensity and transition is predominantly of
the separation induced kind. Four different turbulence models for low Reynolds number
flow will be used to predict the flow over a NACA 0018 profile in 3D for different geometric
settings: infinite wing, finite wing clamped on one side and finite wing clamped on both
sides. The latter two mimicking wind tunnel experiments. The turbulence models under
consideration are Menter’s k − ω SST model with Wilcox’s low-Re modification, Menter
& Langtry’s γ − Reθ model, it’s simplified γ model and Walters & Cokljat’s k − kl − ω
model. The NACA 0018 profile is placed in a flow with chord-based Reynolds number of
3×105 at an angle of attack (AoA) of 17o, allowing an assessment of the prediction of high
angle of attack related phenomena, such as stall cells and high amplitude low frequency
oscillations by means of URANS simulations.
1 INTRODUCTION
The applicability of unmanned aerial vehicles (UAVs) for military, humanitarian, com-
mercial and recreational purposes has led to a large body of research in UAV-related fields.
A deep understanding and correct modeling of the aerodynamic behavior is fundamental
with the objective of further extending the capabilities of these UAVs. Here we focus on
those that operate at a chord-based Reynolds numbers (Rec) below 5×105, the condition
which is referred to as low Reynolds number flow [1].
A characteristic of UAVs operating at low Reynolds numbers is the appearance of a
separation bubble on the wing, also attributed to the low turbulence intensity of the
external flow. It is fundamental in the analysis, design and optimization of the flight
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behavior of UAVs to correctly model this phenomenon. This paper focuses on Reynolds-
Averaged Navier-Stokes (RANS) simulations, which have obtained a more prominent role
through their ability to be used in increasingly complex 3D geometries with a relatively
low computational cost. Classic turbulence models, which serve to close the system of
RANS equations, assume a fully turbulent flow. This makes their use in low Reynolds
application somewhat ambiguous. The last couple of decades have however seen the birth
of a number of turbulence models that attempt to model the transition phenomena.
Based on the manner by which transition is predicted, transitional turbulence models
can be categorized as low Reynolds models, which make use of damping functions, corre-
lation based models, which typically relate the production of intermittency to correlations
depending on flow parameters, and physics-based models, which attempt to model the
flow based on a more theoretical framework. Of the three categories, representatives are
selected that are compared with each other to assess their abilities. Menter’s k−ω Shear
Stress Transport (SST) model [2] with Wilcox’s low Reynolds modification [3] (henceforth
referred to as the low-Re model) is taken as representative of the low Reynolds models.
Menter and Langtry’s γ − Reθ model [4, 5] and Menter and Langtry’s γ model [6] are
taken as representatives of the correlation models. Walter & Cockljat’s k − kl − ω model
[7] is taken as representative of the physics-based models.
Typically, the characteristics of an airfoil using RANS are assessed in 2D. This simpli-
fication can be justified for fully turbulent attached flows where the flow component in
the third dimension is predominantly caused by turbulence and thus modelled. However,
in the case of separation-induced transition, the third dimension becomes much more
significant since the separation-induced transition process is characterized by the three-
dimensional deformation of Kelvin Helmholtz billows and the vortex shedding from the
bubble. The three-dimensionality of the flow is even more dominantly present at high
angles of attack (AoAs), where experimental measurements have shown the appearance
of stall cells (SCs) and/or high-amplitude low-frequency oscillations (HALFOs).
Stall cells (Figure 1) is the term in literature attributed to the experimentally [8, 9, 10,
11, 12, 13, 14, 15] and numerically [10, 15, 16] observed coherent structures characterized
by a strong three dimensional nature of the wake near stall. They appear in the shape
of counter-rotating swirl patterns, sometimes also poetically addressed as owl faces or
mushroom cells, through the use of oil flow and tuft measurements. These structures
appear in pairs and typically extend spanwise twice the length of the chord. When the
span increases beyond AR=2, the cells get stretched before splitting and forming a new
pair. The presence of stall cells results in an increased CL compared to a fully 2D flow
and translates itself in a reduced decrease of CL for an AoA above the one corresponding
to CL,max, limited to a small region of ≈ 3o.
On the other hand, a number of studies [8, 17] observed a more violent fluctuating
behavior of CL in the corresponding AoA-region, attributed to shear-layer flapping [18].
They found that in the presence of a separation bubble, in time-averaged sense, the flow
is two-dimensional and the stall cells are absent altogether. The flow is further more
characterized by high-amplitude low-frequency oscillations and referred to as such.
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Figure 1: Schematic representation of the skin friction lines on the suction side of a
section of a wing (AR = 4) confined by two symmetry planes (dotted lines) at an angle
of attack just past the stall angle. The two stall cells are visible in the shape of counter
rotating swirl patterns: two foci (blue dots) connected by a global separation line
emerging from the saddle point (red dot).
The four turbulence models under consideration are compared for their ability to pre-
dict high AoA related phenomena in a low Reynolds flow in three different configurations:
an infinite wing, a finite wing clamped on one side and a finite wing clamped on both
sides through a series of URANS simulations.
2 METHODOLOGY
The URANS simulations are performed in such a way that they mimic the experimental
measurements of a NACA 0018 profile performed by Timmer [19] for Rec = 3× 105. The
measurements were executed in the Delft University Wind Tunnel using a 0.25 m chord
model at velocities ranging between 10 m/s and 70 m/s with respectively corresponding
turbulence intensity (Tu) values of 0.02% and 0.07%. This results in Tu = 0.04% for
Rec = 3 × 105. The NACA 0018, being a thick profile, would likely be characterized by
the appearance of both SCs as HALFOs in the AoA past stall [8].
From experimental studies and the use of Tu-dependent trigger functions in the tran-
sition models, it can be noted that Tu is a dominant parameter. RANS modeling has
been characterized by a decay of Tu especially for external flows, predominantly found in
aeronautical applications. This decay of Tu is caused by the fact that only the destruc-
tion terms in the k and ω transport equations are active between inlet and leading edge.
Spalart & Rumsey [20] recognized the relevance of turbulent decay and the difficulty in
defining a reasonable combination of Tuinlet and µt/µ that would yield acceptable results.
They proposed for aeronautical applications the following relation: µt/µ ≈ 2×10−7×Rec,
which yields for Rec = 3×105 the following: µt/µ = 0.06. This results in Tuinlet ≈ 0.23%
in order to predict the value of Tu at the inlet of the computational domain that one may
obtain a Tu = 0.04% at the leading edge.
The computational domain surrounding the airfoil is c-shaped: extending 10 chord
lengths in front, above and below the airfoil and 20 chord lengths behind it as presented in
Figure 2a. Chordal grid discretization, spanwize grid discretization, wall normal expansion
ratio, first cell size and time step size were subjected to an independence study. The results
correspond to the strict requirements for the mesh as put forward by Langtry and Menter
[4, 5, 6]: a maximum wall normal expansion ratio of 1.1 should be imposed on minimal 100
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layers surrounding the airfoil to obtain a y+ of maximum 1 near the stagnation point, on
average 0.35, and 100 nodes are placed on the chord. The span is discretized in such a way
that the AR of cells on the surface of the wing is on average equal to 1. All calculations
are performed using second order upwind for convective terms, second order central for
diffusive terms, gradient least squares cell based discretization and the SIMPLE pressure-
velocity coupling. The time step size corresponds to 10−4, following a in CFD validated
von Neumann stability analysis, to properly resolve vortex shedding using a transient
second order implicit formulation.
(a) Dimensions far-field
(b) Detail mesh resolution
Figure 2: Computational domain
In order to model an infinite wing in such a way that the SCs can be resolved, periodic
boundary conditions at both ends are applied to a finite span with s/c = 200%, resulting
in 200 nodes along the span. This implies that the computational domain repeats itself an
infinite number of times. For the wing clamped on one side, the computational domain
is extended on one side with 10 chord-lengths to produce a free tip and closed with a
symmetry boundary condition. On the side that the wing is clamped a no-slip boundary
condition is imposed. For the third case, the wing clamped on both sides, the periodic
boundary conditions of the first case are replaced by no slip boundaries, together with a
velocity inlet and pressure outlet closing the computational domain.
The choice of AoA=17o is based on the experimental observation of stall cells (SCs)
and/or high-amplitude low-frequency oscillations (HALFOs) past the stall angle and be-
fore the burst angle, thus, according to Timmer’s experimental measurements [19], possi-
bly found at AoA=17o.
3 RESULTS & DISCUSSION
To describe the three-dimensional separated flow field we make use of critical point
theory [21] which allows us to assess the former based on a topographic description of
the on-wall shear distribution. Contour plots of the suction side of the airfoil colored
by instantaneous wall shear stress along with oil flow lines originating from 90% of the
chord to some extent reproduce the results of the oil flow experiments. Discoloration
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indicates the presence of vortex cores and movement of the oil flow towards the leading
edge indicates the presence of flow separation.
3.1 Infinite Wing
The choice to examine an infinite wing comes forth from the statement by Weihs &
Katz [12], who postulated that since a multitude of cells form when the AR is increased,
the presence of tips or end-plates does not influence the formation of cells and that it is
purely a product of the Crow instability: an interaction between two line vortices, here
one originating from the leading edge and one from the trailing edge.
The low-Re model produces a spanwise uniform flow (Figure 3a), while the γ model
clearly displays spanwise waviness of its separation front, unaffected by the vortex shed-
ding from the separation bubble further upstream (note the discoloration spot near the
leading edge of Figure 4a indicating the presence of vortex shedding of the separation
bubble and the fairly continues separation front). The waviness corresponds to the initial
phase of the crow instability, however there is no break up or formation of cells. Sar-
lak et al. [16] performed a URANS simulation on an infinite wing with S826 airfoil and
observed a similar waviness in the separation front using the k − ω SST model. The
γ − Reθ model on the other hand is a prime example of violent vortex shedding from
the separation bubble, breaking up the separation front, which results in a low frequency
fluctuating flow (Figure 5a) with St = O(10−2), roughly equal to experimental observa-
tions. As illustrated by Broeren & Bragg [8], the time average of the violent shedding
flow is two-dimensional. This implies that if the spanwise size (s/c) is big enough to fully
resolve the breakdown of the vortices, a further increase of the span should yield to the
same averaged result. The opposite holds for stall cells, which will merge or split if s/c
is changed. This results in a changing CL caused by a jet effect between the cells. The
fluctuations caused by the HALFOs increase with increasing AoA up to the point that
the entire airfoil separates and behaves as a bluff body with St = O(10−1). The k−kl−ω
model predicts an attached flow along with a violent vortex shedding from the laminar
separation bubble (Figure 6a).
3.2 One Side Clamped Wing
One of the earliest studies on SCs were performed by Winkelmann [13] and Bippes [9]
on a wing clamped on one side. The appearance of a free tip results in the formation of a
tip vortex. For small ARs this leads to a reduced suction peak and consequently a delayed
stall angle. On the side of the wall a horseshoe vortex appears caused by the interaction
of the wall boundary layer and wing boundary layer.
The low-Re model produces a separation front that disappears near the tip and curls up
near the end-plate (Figure 3b), producing as it were half of a stall cell. As opposed to the
infinite wing, the separation front has progressed far less towards the leading edge, conform
the statement above, yet again steady in time. The discoloration near the tip illustrates
the presence of the tip vortex. The γ model produces a similar trend (Figure 4b), however
the wavefront has extend further. The γ − Reθ model again shows a distorted wavefront
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caused by vortices shed from the laminar separation bubble (Figure 5b). Anew we see for
the k − kl − ω model a vortex shedding from the separation bubble, but no separation
originating from the trailing edge (Figure 6b).
3.3 Two Side Clamped Wing
A wing clamped on both sides, as typically encountered in wind tunnel experiments,
is here fully resolved instead of imposing a symmetry condition on half the model as for
example done by Zarutskaya & Arieli [15] and Manolesos et al. [10]. While justifiable in
case of steady simulations, as performed by the aforementioned, unsteady measurements
have shown the unsteady tendency of stall cells [14].
The low-Re model produces a clear stall cell, noticeable from the distinctive oil flow
lines on the suction side (Figure 3c). The γ model shows a similar coherent structure, but
asymmetric in nature: with a very low frequency St = O(10−3) the eyes of the structure
alternately growing and shrinking in nature (Figure 4c). The latter justifies the choice
to resolve the entire span and not work with a symmetry condition as mentioned above,
even though the time averaged flow field corresponds to the symmetric one. This results
in large fluctuations in CL: ∆CL ≈ 0.5. Yon & Katz [14] found the appearance of both
HALFOs as SCs, but found no correlation between them. They did however note that the
SCs move in time, a phenomenon to which they referred as ‘jostling’. The γ−Reθ model
sees the appearance of the former superposed on the appearance of HALFOs discusses in
Section 3.1 (Figure 5c). Ragni & Ferreira [11] experimentally measured the appearance
of SCs in the presence of a separation bubble, but found that the latter had no influence
on the formation of the former. The k − kl − ω model again predicts a strongly attached
flow subjected to a violent vortex shedding from the separation bubble (Figure 6c).
4 CONCLUSION
Four transitional turbulence models, Menter’s k − ω SST model with Wilcox’s low-Re
modification, Menter & Langtry’s (k−ω SST) γ−Reθ model, it’s simplified (k−ω SST)
γ model and Walters & Cokljat’s k − kl − ω model, were compared for their ability to
predict high AoA related coherent structures for three different geometric settings: an
infinite wing, to asses the presence of the Crow instability, a one side clamped wing and a
two side clamped wing to mimic the experimental oil flow measurements in a wind tunnel.
We found a different degree of separation for the different geometric settings for all
four models, caused by the end-plates and/or free tips. While not a new results [22, 17],
we stress the importance of considering the geometric setting of the experiment when
comparing it 2D or 3D simulations.
Furthermore, it was found that the low-Re model predicts a steady flow in the three
geometric settings, with a clear formation of a SC in case of a two-side clamped wing.
The γ model predicts the waviness which preludes the crow instability as predicted by
Weihs & Katz [12] in case of an infinite wing, but showed no breaking of the separation
front. This might still occur at higher AoAs, but must be assessed in future research. In
case of a two-side clamped wing it shows ‘jostling’ as experimentally observed by Yon &
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Katz [14]. The γ − Reθ model shows a similar behavior as the γ model, but with the
appearance of a violent vortex shedding of the separation bubble, leading to HALFOs.
The k− kl−ω, while capable of predicting the vortex shedding of the separation bubble,
fails to predict a separation front originating from the trailing edge.
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Figure 3: Contour plot of the instantaneous wall shear stress on the suction side with
the leading edge at the top (LE) and the trailing edge at the bottom (TE) with oil flow
pathlines originating from 90% of the chord (left) and contour plot of the instantaneous
velocity magnitude of a cross-section at half the span (right) at AoA=17o with
s/c = 200% for the low-Re model.
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(c) Finite wing clamped on both sides
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Figure 4: Contour plot of the instantaneous wall shear stress on the suction side with
the leading edge at the top (LE) and the trailing edge at the bottom (TE) with oil flow
pathlines originating from 90% of the chord (left) and contour plot of the instantaneous
velocity magnitude of a cross-section at half the span (right) at AoA=17o with
s/c = 200% for the γ model.
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(a) Infinite wing
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(c) Finite wing clamped on both sides
(left, [Pa])
(right, [m/s])
Figure 5: Contour plot of the instantaneous wall shear stress on the suction side with
the leading edge at the top (LE) and the trailing edge at the bottom (TE) with oil flow
pathlines originating from 90% of the chord (left) and contour plot of the instantaneous
velocity magnitude of a cross-section at half the span (right) at AoA=17o with
s/c = 200% for the γ −Reθ model.
10
Jolan Wauters, Joris Degroote, Jan Vierendeels
LE
TE
(a) Infinite wing
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(b) Finite wing clamped on left side
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(c) Finite wing clamped on both sides
(left, [Pa])
(right, [m/s])
Figure 6: Contour plot of the instantaneous wall shear stress on the suction side with
the leading edge at the top (LE) and the trailing edge at the bottom (TE) with oil flow
pathlines originating from 90% of the chord (left) and contour plot of the instantaneous
velocity magnitude of a cross-section at half the span (right) at AoA=17o with
s/c = 200% for the k − kl − ω model.
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